Introduction
Tumor hypoxia is defined as a low O 2 concentration in a specific tumor region. Because most tumor cells proliferate exponentially, aberrant vasculature inside the tumor generates an imbalance between the O 2 supply and consumption, together with an increase in diffusion distances, eventually making the central tumor area hypoxic. Vaupel et al 1, 2 first detected hypoxia in breast tumors using an electrode probe. Emerging evidence has demonstrated that tumor cells under hypoxia are typically resistant to anticancer drugs and external beam radiation. [3] [4] [5] [6] Moreover, hypoxia promotes genetic transformation into a more invasive cell phenotype, thus potentiating metastasis and recurrence. 3, 4 Various phenomena are closely associated with the physiological and anatomical characteristics of hypoxic tumors. 1) The intratumoral hypoxic region is often distant from blood capillaries (100 µm), which is challenging for the penetration and distribution of the majority of anticancer drugs. 5 2) The overexpression of hypoxia-inducible factor-1 (HIF-1) activates the transcription of multiple genes involved in the epithelialmesenchymal transition, angiogenesis, and proliferation of tumors, 4, 6, 7 suggesting the importance of HIF-1-targeted therapies (see HIF-1-targeted therapy). 3) Insufficient oxygen hampers the formation of oxidation radicals, resulting in permanent tumor cell damage; in contrast, excessive reduction groups, such as SH-, may facilitate the repair of tumor cell DNA. 8 4) Hypoxic tumor cells depend on aerobic glycolysis (the Warburg effect); thus, the tumor microenvironment (TME) is characterized by
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Li et al a low pH, which may have synergistic effects with hypoxia on malignant transformation. 8, 9 Overall, tumor hypoxia is a major obstacle to the long-standing goal of developing effective therapies for cancer.
Broadly speaking, radiotherapy has become a common therapeutic strategy, applied to 50% of patients with cancer. 10 Radiotherapy is based on the use of high-energy X-rays and gamma (γ) rays for external or internal irradiation by means of radiolabeled isotopes, such as 131 I, carbon ions, or α-or β-particles. Radiation induces doublestranded DNA breaks and creates massive quantities of free radicals, which are lethal to most tumor cells. 8 However, free radicals have minimal effects on solid tumors owing to hypoxia, which has a negative effect on the mechanism underlying damage by free radicals. On one hand, hypoxia attenuates oxidation to protect tumor cells from extensive damage; on the other hand, reductant chemical groups, such as -SH, contribute to the repair of DNA, and this mechanism helps tumor cells survive postirradiation. 8, 11 Consequently, tumors under hypoxia are insensitive to radiotherapy.
Although hypoxia diminishes the effects of radiotherapy to some extent, novel radiosensitizers and intelligent nanomaterials offer synergistic approaches to fight against tumors. In this review, we summarize advances in biomedical engineering resulting in improvements in radiotherapy (Scheme 1). First, we discuss innovative approaches to the sensitization of tumors via the production or transportation of O 2 in the TME. Second, we discuss high-Z element-based nanoplatforms and synergistic drug delivery systems for radiosensitization. Third, we focus on recent advances in synergistic photothermal therapy and radiotherapy as well as X-ray-responsive nanoparticles (NPs) for selective hypoxiabased therapy. Last, we summarize recent advances and discuss future perspectives regarding the use of nanomaterials for radiosensitization. 
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Advanced nanomaterials targeting hypoxia to enhance radiotherapy
Increasing radiosensitivity by modulating hypoxia
The TME is characterized by special features, such as a low pH, inadequate O 2 supply, and aberrant vasculature, among which hypoxia is directly related to radioresistance. 6 To address this issue, recent efforts have been made to use classic oxygen carriers or to develop novel materials to reoxygenate the TME, thus increasing the radiosensitivity of tumors.
Perfluorocarbons (PFCs) as O 2 carriers
As representative oxygen carriers, PFCs and their derivatives (perfluorotributylamines) are widely used as O 2 carriers and tumor radiosensitizers owing to their rapid hydrolysis and high solubility in cellular microenvironments. 12, 13 As early as 1989, PFC emulsions (such as Fluosol-DA, 20%) were approved by the Food and Drug Administration for ophthalmological treatments and percutaneous transluminal coronary angiography.
14 To assess the efficacy of PFCs in reoxygenating the TME, Teicher et al 15 administered a perflubron emulsion (8 mL/kg) with carbogen breathing (95% O 2 /5% CO 2 ) to tumor-bearing mice immediately after chemo-/radiotherapy; remarkably, the hypoxic region (PO 2 5 mmHg) decreased from 85% to 27% due to reoxygenation. More recently, Feldman et al 16 obtained similar results for GL261 intracranial tumors. Using another strategy, Yao et al 7 developed a poly(lactic-co-glycolic acid) (PLGA)-(polyethylene glycol) (PEG/PFC) emulsion to achieve highly effective and rapid reoxygenation in cells and organisms; moreover, they indicated the potential for hypoxia-reoxygenation injury, which may induce the massive production of reactive oxygen species (ROS), harming normal tissues. This has limited the PEG/PFC emulsion dosage to below 0.2 mg/mL. Furthermore, intermediate oxygen levels (0.5-20 mmHg) regulate tumor responses to radiotherapy. 17 In addition to the loading capacity, the output stability of O 2 should be considered to improve radiosensitization; in particular, a moderate increase in O 2 levels is preferable for clinical outcomes. Additionally, abnormal vascular structure may make O 2 diffusion from the blood to the hypoxic area difficult, and temporary blocks in the tumor vasculature limit effective accumulation, 8 necessitating more effective surface modifications to target the tumor.
Multiple remarkable O 2 nanoplatforms for sustained release have been developed in the past decade. Lee et al 18 loaded a perfluorooctane emulsion into hollow microparticles to form a scaffolding system for timely O 2 supply. An in vitro experiment revealed a 10-day extension of cell viability under hypoxic conditions and neovascularization of tissues up to 4 mm, instead of necrosis. Cheng et al 19 demonstrated more effective particle accumulation and specific O 2 release in tumors to overcome hypoxia-related radioresistance. In brief, they encapsulated perfluorohexane within liposomes to form 100 nm NPs by a facile method and then injected these NPs into tumor-bearing mice prior to photodynamic therapy or radiotherapy. Considerable tumor inhibition was observed in both treatment groups compared with the control group. It is worth noting that this result was obtained without the supply of additional oxygen because the oxygen loaded inside the NPs was sufficient to neutralize hypoxia, mainly due to the enhanced permeability and retention (EPR) effect caused by an appropriate NP size and free oxygen diffusion inside the NPs. The development of promising O 2 delivery materials is clearly favorable for therapeutic approaches, such as radiotherapy or photodynamic therapy. The combination of reoxygenation with radiosensitizers may be effective in vivo. Song et al 20 developed a type of hollow Bi 2 Se 3 NPs loaded with PFC as an O 2 carrier. In addition to the radiosensitizing effects of bismuth, this system possesses high absorbance in the near-infrared (NIR) region, which could be utilized for photothermal therapy and the selective triggering of rapid O 2 release. A synergistic therapeutic effect was detected in vivo. They next decorated tantalum oxide (TaO x ) NPs with PFCs for further enhancement of radiotherapy. 21 Nevertheless, considering the limited penetration depth of NIR light and absorption by the skin and major organs, a more flexible and sensitive mechanism may be required to trigger the action of these composite NPs at safe laser intensities to avoid hyperthermia in normal tissues. Overall, this is a promising method for future clinical applications. 
Ultrasound-based O 2 carriers
Red blood cell (RBC)-based O 2 carriers
Another vital issue is that most nanomaterials encounter numerous biological barriers, such as the blood-brain barrier and nonspecific uptake by the reticuloendothelial system (RES) and mononuclear phagocyte system. 28 Although multiple compounds, such as PEG and PLGA, have been utilized to prevent NP uptake by the RES, immune escape is difficult when multiple administration is required. 29 RBCs, also known as erythrocytes, have been used as practical endogenous carriers for drug delivery since 1970 owing to their excellent biocompatibility, long circulation times (120 days), and unique loading capacity (high surface-tovolume ratio). To utilize these features for O 2 delivery and improve the efficiency of radiotherapy, Gao et al 30 developed PFC@PLGA-RBCM NPs. The highlight of this study was that this nanosized RBC mimic was able to penetrate the vasculature, diffusing deep within the hypoxic areas in solid tumors; furthermore, the NP half-life was extended to 13.93 hours, which significantly increased oxygenation levels from 1.6% to 24%. Similarly, Ren et al 31 encapsulated NIR dyes and a PFC into erythrocyte-attached NPs and observed a half-life of 15.71 hours, enabling the inhibition of tumor growth by photodynamic therapy. Although RBC-NP conjugates hold great promise for future applications, there are two major obstacles: 1) the loaded cargo may reduce RBC membrane elasticity, resulting in a risk of damage due to osmotic stress and a serious risk of blocking small vessels in kidneys or lungs due to released hemoglobin; 2) RBCs collected from individuals with an incompatible blood type may induce acute hemolysis. It is preferable to generate RBC-NPs from a patient's own blood sample.
H 2 O 2 catalyst-based nanoplatforms for reoxygenation
There is strong evidence that endogenous H 2 O 2 is present in major solid tumors. Additionally, excessive lactic acid levels are produced by tumor cells owing to the "Warburg effect," generating another low pH feature of the TME. 32 Fortunately, MnO 2 possesses excellent catalytic properties to decompose H 2 O 2 into O 2 and H 2 O under acidic conditions; therefore, it has been utilized as a vital component of various nanoplatforms intended to reoxygenate hypoxic tumors and improve therapeutic efficacy. [33] [34] [35] [36] As a remarkable example, Fan et al achieved simultaneous stimuli-responsive imaging and O 2 -upregulating therapy on a single nanoplatform. In brief, they successfully anchored upconversion NPs (UCNPs) to two-dimensional MnO 2 nanosheets by a facile nonchemical method. While upconversion photoluminescence was quenched by MnO 2 under normal conditions, a remarkable enhancement of upconversion photoluminescence was observed in the tumor region, and this can be explained by the acceleration of the MnO 2 -H 2 O 2 redox reaction at a low pH (5.5 vs 7.4). More importantly, massive oxygen produced during this process significantly enhanced the simultaneous photodynamic therapy and radiotherapy, and this effect was confirmed in subsequent in vivo and in vitro studies. 37 Additionally, because high-Z elements possess the intrinsic ability to enhance ionizing radiation, recent studies have focused on combining a catalyst and a high-Z element, thereby generating a series of intelligent nanoplatforms incorporating H 2 O 2 catalysts with high-Z elements, such as tungsten (WS 2 -IO/S@MO-PEG), 38 gold (Au@MnO 2 ), 39 or hafnium (BM@NCP(DSP)-PEG), 40 for multimodal photodynamic therapy/radiation therapy/chemotherapy. For example, Tian et al 36 developed 131 I-labeled human serum albumin (HSA)-bound MnO 2 NPs for internal radiotherapy. These NPs showed higher EPR-derived tumor retention than that of free 131 I-HSA by optimizing the particle size. Moreover, by gradual MnO 2 degradation in the acidic TME, the NP size could be sequentially reduced to 10 nm. The intratumoral diffusion of the HSA-based nanocarrier improved significantly; additionally, endogenous H 2 O 2 was converted into H 2 O and O 2 , and the latter remarkably increased the efficacy of radiotherapy. As mentioned above, endogenous H 2 O 2 within the TME may be used to improve 
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Advanced nanomaterials targeting hypoxia to enhance radiotherapy tumor oxygenation and has great potential for optimizing the efficacy of radiotherapy.
High-Z element-based radiosensitizers and intelligent nanoplatforms for drug delivery
Basic mechanism underlying high-Z element-based radiosensitization Radiotherapy kills tumor cells by the action of ionizing radicals, commonly generated during external beam radiation therapy (EBRT) or internal beam radioisotope therapy (IBRT). In EBRT, high-energy X-rays are focused externally on the tumor to induce cell death, taking into account side effects on normal tissues. EBRT requires a precise angle of irradiation and quantification of the exposed region. EBRT may be used for the treatment of most tumors, such as brain, head and neck, lung, and esophageal cancers. In IBRT, a certain number of radioisotopic particles can be implanted inside the tumor by noninvasive or minimally invasive methods, thus exerting ionization effects within the tumor, which persist for a long time and may be suitable for certain cancers, such as thyroid cancer, hepatic cancer with portal vein thrombosis, or metastatic lesions. Nonetheless, two major problems limit the actual effects of radiotherapy. First, the hypoxic environment prevents ROS formation, thus limiting the effects of ionization. Although a certain number of tumor cells may be eliminated, resident lesions still possess the ability to relapse or metastasize. 8 Second, cancerous and normal cells surrounding the tumor cannot be precisely discriminated by ionizing radiation, necessitating dose limits. 10 To overcome these issues, numerous radiosensitizers have been developed. As the pioneer G.E. Adams suggested in 1978, 41 radiosensitizers must greatly increase the efficacy of radiation-induced cell killing when present during the radiation; however, they should cause limited or no cell killing in the absence of radiation, implying that the response of tumors to radiation must be much greater than that of normal tissues. High-Z elements, mainly gold (Z=79), bismuth (Z=83), tungsten (Z=74), and rare earth elements, such as gadolinium (Z=64) and ytterbium (Z=70), have been widely used as radiosensitizers for many years owing to the good absorption of ionizing radiation within solid tumors. Two main mechanisms are responsible for their radiosensitizing effects: 1) a photoelectric effect, which is usually accompanied by Auger electrics and 2) the Compton effect. Photoelectric effects occur in major high-Z elements under photon irradiation, whereby electrons are ejected from higher orbits to refill vacant spots and release energy in the form of free electrons or Auger electrons. The strength of the effect is proportional to the Z number; therefore, high-Z elements, such as gold (Z=79) and bismuth (Z=83), or the rare earth elements, such as gadolinium (Z=64) and ytterbium (Z=70), have been used. Meanwhile, Compton scattering is an inelastic collision, whereby only partial energy from incoming X-rays is distributed to electrons. Therefore, scattering X-rays with low energy could remain within tumor tissues. Under general conditions, radiosensitization enhances the abovementioned mechanisms by elevating ROS production, increasing oxidative stress, and promoting DNA damage by chemical interactions.
Modifying the surface, size, or shape of gold-based NPs (AuNPs) for enhanced radiosensitization
In the past decade, AuNPs were popular radiosensitizers in clinical oncology. Cui et al 42 demonstrated that the effect of radiosensitization by AuNPs is closely related to cellular uptake. Early studies revealed that cellular AuNP uptake proceeds via endocytic pathways, such as macropinocytosis 43, 44 and passive membrane diffusion, 45 highlighting the necessity of surface coating to finetune endocytic AuNP uptake. 46 Of note, Jain et al 47 observed that receptor-mediated endocytosis is energy-dependent, and AuNP uptake under hypoxia may be related to anaerobic glycolysis, which produces much less energy. To reduce nonspecific AuNP uptake by normal tissues and organs, in which protein opsonization is commonly believed to play a major role, multiple passive-transporting agents -usually PEG -are used to protect the nanomaterials from phagocytic cells. Nevertheless, the results of van Haute et al 48 contradicted previous views; they found that most nonspecific NP uptake can be attributed to scavenger receptors and NPs rather than to protein opsonization. These data may contribute to the development of novel surface modifications to effectively reduce nonspecific uptake and to enhance the capacity for targeting to hypoxic areas.
Additionally, many studies have shown that the structure and size of AuNPs, such as nanorods, 49 nanospikes, 50 nanoclusters, 51 and nanotriangles, 52 are correlated with their biological distribution, radiosensitizing effect, and cytotoxicity. Dou 50 greater uptake of AuNPs was observed after coating with the tumor-cell-penetrating peptide TAT, with an SER of 2.30. Additionally, autophagy may perform an important function in cell resistance to ionizing radiation, as evidenced by the improvement in the effect of radiotherapy by autophagy inhibitors. The relation between autophagy and hypoxia radioresistance is not well established, and this should be a focus of future research in this field.
Synergistic chemotherapy and radiotherapy for improving therapeutic outcomes
The utilization of chemotherapy with radiotherapy to improve therapeutic efficacy and to prevent recurrence or metastasis has a long history. Multimodal clinical trials have revealed superior efficacy in comparison with single treatment modalities. [55] [56] [57] Emerging nanomaterials possessing unique features have advantages in this regard. For example, paclitaxel is widely used as an anticancer drug. Gibson et al 58 first covalently combined 2-nm AuNPs with paclitaxel; thus, approximately 70 paclitaxel particles could be attached to a single NP. This conjugation method maintained the core size and shape of AuNPs and their high drug-loading capacity. Cisplatin has been clinically used as an anticancer drug and a radiosensitizer. Cisplatin can induce cell-cycle arrest, inhibit DNA replication, and trigger apoptosis as well as Auger electron generation owing to the high Z number of platinum. Nonetheless, the use of free cisplatin in chemoradiotherapy is limited owing to its toxicity, necessitating hybrid NPs to enhance radiosensitivity and reduce cytotoxicity. Zheng and Sanche 59 conjugated cisplatin and AuNPs to plasmid DNA to form a complex to examine radioactivity enhancement. The double-strand breaks in DNA increased radioactivity by a factor of 3 when only one AuNP was involved compared with a factor of 7.5 when two cisplatin molecules and one AuNP were conjugated in a complex. According to a recent study by Cui et al, 60 AuNPs improve the treatment of triplenegative breast cancer. AuNPs (0.5 mg of gold per tumor) exert an effect equivalent to that of three cisplatin doses at a 25% effective concentration (IC 25 ; 4 mg/kg), indicating high toxicity toward normal cells. More recently, Davidi et al 61 examined head and neck cancer both in vitro and in vivo, and AuNPs were more effective in radiotherapy compared with free cisplatin.
Advanced drug delivery systems for radiosensitization Mesoporous drug delivery system
Mesoporous materials have been utilized for effective controlled release and drug delivery; their high pore volume and large surface area guarantee a high drug-loading capacity, whereas the ordered porous network enables the fine control of drug loading and release kinetics. 62 Fan et al 63 synthesized a novel rattle-structured upconversion core/porous silica shell nanotheranostic system loaded with cisplatin and observed a significant improvement in therapeutic efficacy compared with that of free cisplatin. A dual-mode magnetic resonance imaging (MRI)/upconversion signal was observed for synergistic drug tracing and monitoring. They later modified this rattle structure into a 50-nm nucleus-targeting upconversion core/mesoporous silica nanotheranostic system 64 and demonstrated the direct delivery of the radiosensitizing drug mitomycin C into the nucleus, where ROS generated by ionizing radiation damaged most of the DNA within cancer cells. With the aim of targeting hypoxia to enhance the effects of radiation, they next fabricated the hypoxiaactivated prodrug tirapazamine with UCNPs as the core and mesoporous silica serving as the shell. 65 Hypoxia-induced tirapazamine activation was amplified by the UCNP core, thereby enhancing the efficacy of radiotherapy. In addition to silica, Song et al 66 creatively synthesized an "all-in-one" hollow tantalum oxide structure by a one-pot method. The mesoporous structure had the capacity to load an anticancer drug (7-ethyl-10-hydroxycamptothecin, SN-38), while achieving radiosensitization owing to its intrinsic high-Z (Z=73). Moreover, these NPs can bind to metal ions, such as Fe  3+ and   99m   Tc   4+ , by a facile method, resulting in functionalization for MRI and single-photon emission CT imaging. Based on a similar idea, doxorubicin-loaded TaO x NPs were fabricated; mTa 2 O 5 NPs significantly inhibited tumor growth compared with single modality treatments. Furthermore, this approach achieved the therapeutic goal under a safe dosage, which is lethal when applied in free doxorubicin. 67 
Liposomes as drug carriers
As classic carriers for drug delivery, liposomes can entrap drugs within the phospholipid bilayer structure and deliver them specifically to tumor sites by the EPR effect. Numerous studies have made significant progress in optimizing the rate 
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Advanced nanomaterials targeting hypoxia to enhance radiotherapy of encapsulated drug release, while retaining bioactivity. Researchers have made efforts to prolong the circulation half-life to reduce rapid clearance by the mononuclear phagocyte system. [68] [69] [70] PEGylated liposomes have been identified as general carriers for drug delivery, with high efficacy in synergistic chemoradiotherapy, prompting the first clinical trial of PEG liposomes as carriers of doxorubicin for Kaposi's sarcoma in patients with AIDS. 71 Recently, liposomes were utilized in hypoxia-targeted chemotherapy. Liu et al 72 developed liposome-cholesterol-based NPs conjugated with the radiosensitizer nitroimidazole by a hydrolyzable ester bond; doxorubicin was next loaded as an anticancer drug. These NPs penetrated the blood-brain barrier to accumulate in malignant gliomas owing to the lipophilic surface, and therein converted hydrophobic nitroimidazoles into hydrophilic aminoimidazole under hypoxic conditions to achieve enhanced chemoradiotherapeutic effects of doxorubicin. To further improve the therapeutic efficacy, they transported an siRNA into the glioma via the same liposomes and achieved higher cellular uptake by taking advantage of the positive charges induced by hypoxia and a low pH. 73 Different from these studies, Zhang et al 74 synthesized a novel cisplatin (IV)-prodrug-conjugated phospholipid, while encapsulating catalase as an internal O 2 generator that degrades H 2 O 2 in the TME. The bilayered liposomes had a protective effect to maintain protease activity. In a proteinase K digestion assay aimed at simulating the physiological environment, 81% of the initial catalytic activity was retained compared with 35% without protection by liposomes.
HIF-1-targeted therapy
HIF-1 is a two-heterodimeric protein that is upregulated in response to the dysfunction of the O 2 -dependent degradation pathway, leading to the activation of multiple oncogenes, such as VEGF, MDR1, MMP2, and UPAR, as well as malignant biological properties, such as angiogenesis, proliferation, and invasion/metastasis. 4, 75, 76 Recent studies have demonstrated that HIF-1 mainly contributes to radioresistance by enhancing vascular reconstruction postiradiation. 75, 77, 78 HIF-targeted drugs can be assigned to two main categories: inhibitors of the HIF-1 signaling pathway (RAF kinase, mTOR, and EGFR) and inhibitors of HIF-1 activation (topoisomerase I and HSP90). However, the adverse effects of single drugs limit their efficacy in therapeutic applications, prompting the development of NP-conjugated nanomedicines. For example, the novel nano-conjugated drug CRLX101, 79 containing the topoisomerase I inhibitor camptothecin as the payload and modified with betacyclodextrin and PEG into NPs (20-50 nm in diameter), achieved satisfactory tumor accumulation by the EPR effect and sustained intracellular drug release, 80, 81 thus significantly reducing side effects and increasing bioavailability. Although clinical studies have not demonstrated a benefit of CRLX101 in patients with renal cancer with respect to overall survival, 79 Rey et al 76 suggested that additional clinical trials considering HIF-α and intratumoral hypoxia as important factors should be designed to determine the benefits of HIF-1 and downstream inhibitors.
In addition to nano-conjugated drugs, recent efforts have been made to use nanomaterials as smart delivery systems to transport HIF-1-targeting siRNAs into hypoxic tumor cells for gene therapy. For example, Chen et al 82 improved drug permeability by preparing a novel biodegradable d-α-tocopheryl PEG 1,000 succinate as delivery system to transport siRNAs into nasopharyngeal carcinoma cells, thus inhibiting HIF-1 in vitro and in vivo. In another study by Zhao et al, 83 anionic siRNA was attached to the surface of a cationic ε-polylysine co-polymer to form a stable conjugate, and gemcitabine was further encapsulated into the hydrophilic core and modified with PEG for the codelivery of dual anticancer drugs; this resulted in an excellent therapeutic efficacy to inhibit tumor metastasis in an orthotopic tumor model. Nevertheless, the versatility of nanomaterial-based drug delivery systems has not been fully investigated to optimize HIF-1-targeted therapies that function synergistically with radiotherapy. The codelivery of HIF-targeting drugs, a high-Z element-based radiosensitizer, and a smart hypoxia/ pH-responsive drug-release system for selective HIF-1 inhibition should be studied more in the future.
X-ray-or NIR-responsive NPs for radiosensitization
As a novel approach to the treatment of hypoxic tumors in a time-dependent and site-specific manner, an external stimulus-responsive therapeutic agent may be beneficial for clinical applications aimed at maximizing radiosensitivity according to pharmacological parameters. Recently, NIR light and/or X-rays have been used to ensure controlled drug release and synergistic thermo/photodynamic/radiotherapy. Various nanoplatforms serve as amplifiers to increase therapeutic efficacy and minimize adverse effects.
NIR-responsive NPs for stimulusresponsive activation or photothermal therapy
Photothermal agents can absorb NIR light at certain wavelengths and convert the NIR light energy into heat to produce local hyperthermia, resulting in tumor necrosis and 
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Li et al intracellular protein denaturation. Moreover, photothermal therapy can boost blood flow to tumors to partially relieve hypoxia, thus overcoming hypoxia-related radioresistance. 84, 85 Gold (Z=79) is a representative high-Z element often chosen for radiosensitization. Recent studies have investigated its ability to absorb NIR light as a photothermal agent. For example, Ma et al 50 developed novel hollow spike-like gold nanostructures in a facile galvanic replacement reaction and tested their efficacy in experimental groups subjected to thermo-, radio-, and thermoradiotherapy. The thermoradiotherapy group exhibited superior tumor growth inhibition (92.2%) in vivo compared with that in the AuNP-mediated single-modality radiotherapy group (29.8%) or the thermotherapy group, indicating that hyperthermia effectively enhances the effect of radiosensitization on hypoxic cancer cells resistant to ionizing radiation via a synergistic effect. In another study, Dou et al 86 constructed a multifunctional theranostic system by fabricating Prussian blue NPs and AuNPs in a core-shell system; the Prussian blue NPs served as a magnetic resonance contrast agent and photothermal agent, whereas the AuNPs acted as radiosensitizers and CT contrast agents, exerting remarkably effective therapeutic effects compared with those of the individual therapeutic modalities. These results prompted researchers to further explore advanced materials for the development of a thermotherapeutic nanoplatform.
Unlike the abovementioned AuNPs, UCNPs convert less optical energy into heat owing to the low extinction coefficient of lanthanide ions; thus, plasmonic NPs are commonly integrated into such nanoplatforms. Moreover, upconverted luminescence can offer a unique feature for imaging-guided photothermal therapy and/or radiotherapy. As an example, Xiao et al 87 creatively synthesized a core-satellite nanostructure by attaching ultrasmall CuS NPs onto the surface of UCNPs@SiO 2 and performed trimodal CT/MRI/upconversion photoluminescence imaging for effective diagnosis; the combination of photothermal therapy and radiotherapy completely eradicated the tumor and prevented its recurrence for up to 120 days. As part of a preclinical investigation, Liu et al 88 doped CuS with the 131 I isotope to evaluate the efficacy of thermo/radiotherapy for IBRT to treat subcutaneous and metastatic lesions; remarkably, they discovered that CuS/ 131 I NPs accumulated in primary solid tumors and migrated to (and were retained within) nearby sentinel lymph node, producing therapeutic effects orthotopically and inhibiting the formation of metastatic lesions. Zou et al 89 summarized these findings as follows: photothermal-therapyrelated metastatic inhibition can be attributed to 1) mild hyperthermia-induced cell eradication as well as metastasisrelated factors, 2) proper planning of timing and location by real-time imaging, and 3) synergistic effects of radiotherapy and chemotherapy. Although it is believed that NIR light has limited penetration depth and causes hyperthermia in normal tissues, more efforts should be devoted to optimize the synergistic therapeutic effects, and thermo/radiotherapy still holds great promise for improving cancer therapies.
X-ray/NIR-responsive NPs for hypoxia radiosensitization
The controlled release and activation of drugs or prodrugs are highly appealing for clinical applications by enabling drug delivery to specific tumor sites and drug activation only during irradiation; thus, concomitant damage to surrounding normal tissues is minimized. X-rays and NIR have been explored as major agents for such drug delivery systems. First, X-rays have beneficial characteristics for prompt and selective drug activation, including 1) deep penetration and precise localization, enabling drug release in a preplanned, spatially dependent manner, 2) responsive drug release in a controlled manner via the manipulation of the radiation dose, 3) X-ray-induced damage to the tumor itself. 90 For example, the most commonly loaded drugs for radiosensitization are nitric oxide (NO x )-based prodrugs, serving as X-ray sensitizers by promoting tumor cell apoptosis, enhancing X-ray-induced DNA damage, and exerting a "by-stander" effect. 91, 92 Another study has shown that these effects are associated with the activation of the tumor suppressor gene p53. 91 Fan et al 93 developed a novel nanostructure for the transport and selective activation of nitro group-based drugs; in particular, they showed that UCNPs together with S-nitrosothiol-grafted mesoporous silica (PEG-USMSs-SNO) achieve hypoxic radiosensitization on demand via X-ray dose-dependent NO release. In a more recent study, Liu et al 94 grafted nitroimidazole onto AuNPs by a facile method and found that lower X-ray doses (0.71 Gy) are required in single-modality radiotherapy to achieve the same therapeutic effects. In another study, Guo et al 95 creatively fabricated BiOI@Bi 2 S 3 @BSA semiconductor heterojunction NPs for combined radio/photodynamic/photothermal cancer therapy and multimodal CT/photoacoustics (CT/PA); the all-in-one nanoplatform elevated the synergistic radio/ photodynamic/photothermal therapeutic efficacy, as observed for the CT/PA combination, which utilizes the advantages of both diagnostic tools, including a higher sensitivity, higher spatial resolution, and deeper penetration.
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In clinical settings, the major factor limiting radiation dose is adverse effects. Given that ionizing radiation inevitably escapes to surrounding healthy tissues, it is important to control adverse effects as well as enhance therapeutic effects. Du et al 96 developed a novel nanoscaled radiosensitizer based on poly(vinylpyrrolidone)-and selenocysteine-modified Bi 2 Se 3 NPs (PVP-Bi 2 Se 3 @Sec NPs); the bismuth core, as a high-Z element, can amplify the X-ray dose, while absorbing NIR light to generate heat for photothermal ablation and high photothermal conversion efficiency. Of note, selenium released from the decomposing NPs exerts considerable protective effects by reducing excess free radicals and eliminating the concomitant toxicity. These findings demonstrate a heuristic approach to the development of new platforms for comprehensively increasing therapeutic efficacy.
Conclusion and future perspectives
In this review, we comprehensively summarized recent progress in improving radiotherapy efficacy by targeting hypoxia. Based on the correlation between hypoxia and radioresistance, multiple innovative materials have been developed for hypoxic tumor treatment, including 1) a number of materials that act as carriers to deliver oxygen directly into hypoxic tumor regions to relieve hypoxia, 2) NPs containing high-Z elements to deposit radiation energy within tumors and amplify X-ray-induced damage, 3) intelligent drug delivery systems to load multiple nanomaterials or drugs, such as hypoxia-activated prodrugs or high-Z elements, 4) X-ray/NIR-responsive nanomaterials for selective drug activation or hyperthermia therapy for synergistic thermo-radiotherapy. Nanomaterials aimed at increasing oxygen levels in tumors offer a practical method for modulating the TME. Although in vivo and in vitro studies have demonstrated improvements in the effects of radiotherapy, it is important to further clarify the spatial relationship between the distribution of oxygen molecules and hypoxic tumor regions as well as to optimize the time post-reoxygenation for radiotherapy. In this regard, radiolabeled NPs are promising for further studies owing to their stable half-life and effectiveness.
High-Z elements, such as gold or bismuth, can improve radiosensitivity. Recent studies have focused on modulating the shape and size of NPs to further improve the radiosensitizing ability. It is also critical to increase the intake of these NPs by tumor cells as well as to reduce nonspecific uptake and accelerate renal clearance to avoid long-term body retention.
X-ray/NIR-responsive NPs enable selective photothermal therapy or drug activation and demonstrate efficacy in improving radiotherapy in vivo. In addition to the antitumor efficacy caused by hyperthermia, boosted blood flow promotes reoxygenation to modulate the tumor environment. However, the limited penetration depth of NIR light is a major concern for deep tumor ablation and synergistic thermal-radiotherapy, and further studies are needed to determine the optimal combination of two therapies. Nevertheless, the integration of radiotherapy and photothermal therapy still holds great promise for future clinical translation.
